Electrospinning of nanomaterial composites are gaining increased interest in the fabrication of electronic components and devices. Performance improvement of electrospun components results from the unique properties associated with nanometer-scaled features, high specific surface areas, and light-weight designs. Electrospun nanofiber membrane-containing polymer electrolytes show improved ionic conductivity, electrochemical stability, low interfacial resistance, and improved charge-discharge performance than those prepared from conventional membranes. Batteries with non-woven electrospun separators have increased cycle life and higher rate capabilities than ones with conventional separators. Electrospun nanofibers may also be used as working electrodes in lithium-ion batteries, where they exhibit excellent rate capability, high reversible capacity, and good cycling performance. Moreover, the high surface area of electrospun activated carbon nanofibers improves supercapacitor energy density. Similarly, nanowires having quasi-one-dimensional structures prepared by electrospinning show high conductivity and have been used in ultra-sensitive chemical sensors, optoelectronics, and catalysts. Electrospun conductive polymers can also perform as flexible electrodes. Finally, the thin, porous structure of electrospun nanofibers provides for the high strain and fast response required for improved actuator performance. The current review examines recent advances in the application of electrospinning in fabricating electronic components and devices.
INTRODUCTION

Electrospinning History and Overview
Electrospinning first appeared in 1934 as a new patented process for spinning small diameter fibers. 1 2 Prototype electrospinning devices were capable of collecting threads of aligned fibers. By 1969, Taylor developed a jet forming process, 3 and not long after the impact of experimental parameters on electrospun fiber structures/properties was established, 4 resulting in polyethylene and polypropylene melts that could be electrospun into fibers. 5 6 Very little additional work on electrospinning was undertaken until the early 1990s when electrospinning was applied to a broad range of polymers yielding porous fibers. Increased popularity of the term electrospinning coincided with a dramatic increase in the number of annual publications at the beginning of the 21st Century. 7 8 Many polymers have a core-sheath composition, which contain cores and sheaths made of different materials. A flexible polymer usually resides in the sheath, while another polymer with a unique property, such as low solubility or conductivity (e.g., poly(3,4-ethylenedioxythiophene) (PEDOT)) is located in the core. 10 
Electrospinning of Nanomaterials and Applications in Electronic Components and Devices
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or nanotubes can also be encapsulated in the core structure. When p and n semiconductor materials are fabricated into such a coaxial structure, the contact area between p-n heterojunctions are maximized by reducing fiber diameter, which, for example, can be used to improve solar cell performance. 11 Electrospinning of abundant and renewable natural biopolymers, such as cellulose and chitin, is becoming an increasingly active area of research. However, there are very few suitable solvents for such biopolymers, which significantly limits their use in electrospinning. Room temperature ionic liquids (RTILs), nonvolatile solvents with high thermal stability that can dissolve both highly polar and nonpolar polymers, [12] [13] [14] [15] offer a potential solution to the poor solubility associated with polysaccharides such as cellulose that limits their application to electrospinning. Unlike spinning a polymer solution in volatile solvents, which quickly evaporate in the low pressure surrounding the fiber jet, non-volatile RTILs must be removed using a miscible co-solvent coagulation bath to solidify polymer fiber.
Electrospinning in Energy Applications
The search for alternative and stable sources of energy is a growing and vital concern. Although "clean" power sources like nuclear, wind, solar, and fuel cells have been around for many years, significant hurdles remain in exploiting these sources on large enough scale to solve the emerging energy crisis. As a consequence, increased attention has focused on applying electrospinning in the preparation of porous fiber mats as electronic components, including electrodes and separators, and devices, such as batteries and supercapacitors ( Fig. 1(b) ). Electrospun fiber mats are capable of improving battery power, increasing energy density of capacitors, and fuel cell and solar cell efficiency. Poly(olefin) microporous membranes are widely used as commercial separators for Li-ion batteries, 16 and although these conventional separators have a number of suitable properties, i.e., chemical stability, tunable thickness, and mechanical strength, 17 their low porosity and poor wettability, resulting from the large polarity difference between non-polar poly(olefin) separator and highly polar liquid electrolyte, lead to increased cell resistance, limiting the performance of Li-ion batteries. 18 Electrospun fiber mats have extremely high specific areas as a result of their high porosity making them a good candidate for battery membranes. By introducing a polar block to diblock polymers, such as sulfonated styrene, the resulting electrospun fiber membranes afford separators with excellent affinity for liquid electrolytes, increasing ionic conductivity and battery performance. The high internal surface area, large pore volume, and long fiber length of conducting electrospun membranes also make them suitable as electrodes in Li-ion batteries. Transition metal oxide (particles or nanoparticles) loaded onto carbon nanofibers (CNF) facilitate more complete access of Li ions to the inner sites of anodes, decreasing Liion diffusion distance, and significantly increasing the rate of electron transport. Nano-structured LiCoO 2 electrodes afford a higher initial discharge capacity of ∼140 (mAh)/g than conventional powder-based and film-based electrodes. However, due to surface reactions of electrodes, a large loss of electrode capacity is observed during the chargedischarge process. By electrospinning inorganic coaxial fibers having a highly crystalline LiCoO 2 core and a low crystalline MgO shell, electrodes may be obtained in which LiCoO 2 cannot directly contact electrolyte. These electrodes exhibit improved electrochemical properties, including excellent reversibility, small impedance growth, and better cyclability. 9 The many applications and unique features of electrospinning has been reviewed in a number of publications. 7 19-21 This review provides an overview of the application of electrospinning to the preparation of electronic components and devices. The text presents a brief introduction of the mechanisms and methodology for electrospinning, and the application of electrospinning to the preparation of separators, electrodes, nanowires, supercapacitors and actuators. Finally the challenges for future developments in electrospinning are briefly discussed.
Electrospinning: Methods and Principles
A typical electrospinning apparatus consists of a syringe, syringe pump, spinneret, collector, and high voltage power supply. In single solution spinning, a solution of solute in volatile solvent is pumped through a nozzle. Two solutions are used in coaxial spinning, where a core solution is pumped through a needle at the same time a sheath solution is pumped through the space between the nozzle and needle ( Fig. 1(a) ). A potential of 10-50 kV is applied between the spinneret, where the spinning solution is located, and the collector plate. In electrospinning with non-volatile solvents, a co-solvent coagulation bath is interposed between the spinneret and collector plate. The spinneret and collector are electrically conducting and separated at an optimum distance. When high voltage is applied, the solution becomes highly charged, and as a result, the solution droplet at the tip of the needle will experience two major types of electrostatic forces, the repulsion between the surface charges and Coulombic force exerted by the external electric field. When a critical voltage is reached, these electrostatic forces cause the pendant droplet of polymer fluid to deform into a conical structure, called a Taylor cone. Once the applied voltage surpasses the critical value at which repulsive electrostatic forces overcome the surface tension of the pendant droplet, a fiber jet is ejected from the apex of the Taylor cone and accelerated towards the grounded collector or co-solvent bath. The fiber jet undergoes a whipping motion and continuously elongates under this electrostatic repulsion. Instability can occur if the applied voltage is below the critical value, causing the jet to break up into droplets or form a spray. Such phenomenon is called Rayleigh instability. Therefore, the formation of nanofibers is determined by many operating parameters such as applied voltage, solution concentration, viscosity, surface tension, conductivity, and flow rate. The structure of the resulting fiber can be tuned by carefully modifying these parameters.
APPLICATIONS OF ELECTROSPINNING:
PREPARING ELECTRICAL COMPONENTS AND DEVICES
Electrospun Insulators, Separators, and Electrolytes
Electrospun polymers, such as polyvinylidenedifluoride (PVDF) and polyacrylonitrile (PAN) and their derivatives, can be used as nanofiber mats in separators of Li-ion batteries, providing a nanoporous structure leading to increased ionic conductivity of a membrane soaked with liquid electrolyte. Aligned electrospun PVDF fibrous membranes can enhance the tensile strength and modulus of membranes by improving interfiber compaction under hot pressing. Such electrospun membranes may have important applications as battery separators. Uniform electrospun PVDF membrane thickness and fiber diameter can be obtained by using high polymer concentrations and electrospinning at high voltage. This improves mechanical strength and provides the PVDF separator with charge and discharge capacities that exceed commercial polypropylene separators, while resulting in little capacity loss (Fig. 2) . 22 23 However, the high crystallinity of PVDF results in low conductivity. The use of diblock polymers reduce crystallinity, while retaining a high dielectric constant, which offers one approach for improving resulting battery performance. Electric double-layer (EDL) capacitors (also known as ultra or supercapacitors), prepared with electrospun nonwoven poly(vinylidene fluoride-hexafluoropropylene) (PVDF-PHFP) membrane separators and 1-ethyl-3-methyl immidazolium tetrafluoroborate (emim [BF 4 ]) RTIL electrolyte, exhibit excellent specific capacity and cycling efficiency. 24 Electrospun PAN nonwoven fibers show higher porosities with lower Gurley values (high air permeability) and increased wettabilities compared to conventional separators. show enhanced cycle life/performance, higher rate capabilities, and smaller diffusion resistance than cells with conventional separators (Fig. 3) . 25 26 Polymer electrolytes have a number of advantages over liquid electrolytes, such as limited internal shorting and low electrolyte leakage. One of most widely used methods to prepare polymer electrolytes is the immobilization of 1 M lithium hexafluorophosphate (LiPF 6 within ethylene carbonate (EC)/dimethyl carbonate (DMC) in electrospun fiber membranes. 27 An increased interest in improving the performance of Li-ion polymer batteries has resulted from the rapid expansion in the industrial demand for these batteries. Improved performance has relied on gel polymer electrolytes (GPEs), such as those based on electrospun PVDF-graft-poly-tert-butylacrylate (g-tBA) nanofiber membranes. These GPEs show improved ionic conductivity, electrochemical stability, lower interfacial resistance, and improved cycle performance compared to neat PVDF nanofiber membranes, resulting from the reduced crystallinity of tBA-grafted PVDF. 28 Electrospun PVDF-PHFP/silica composite nanofiberbased polymer electrolytes were comparatively better than those prepared through the direct addition of silica. 27 Dyesensitized solar cell (DSSC) devices also use polymer electrolytes based on electrospun PVDF-PHFP nanofibers and show power conversion efficiency greater than 5%. 29 
Electrospun Electrodes
Electrospinning is an excellent method for the fabrication of inorganic fibers within a templated polymer. For [31] [32] [33] [34] These electrospun electrodes have a porous structure that enhances the penetration of the viscous polymer gel electrolyte. Carbon nanofibers (CNFs) such as carbon nanotubes as well as conventional nano-scale carbon fibers have also been fabricated from polymer solutions for use as anode material for Li-ion batteries and as electrodes of supercapacitors.
35-38
Electrodes of Li-ion Batteries
So far silicon (Si) has the highest theoretical capacity ∼4200 mAh g −1 , which is much greater than the one of graphite and metal oxides. 39 40 Therefore, Si has always been considered as an ideal anode material for next-generation rechargeable Li-ion batteries with highcapacity. Dispersion of Si nanoparticles (Si NPs) in a quasi-one-dimensional nanoporous CNF matrix is one of approaches to make such high capacity/conductivity electrodes. The CNF matrix holds Si NPs aggregation to provide a continuous electron transport pathway as well as large number of active sites for charge-transfer reactions which eliminate the need for polymer binder. Thus, CNF/Si nanocomposites can offer a large, accessible surface area (Fig. 4) , therefore a high reversible capacity and relatively good cycling performance at high current density can be obtained. 35 Although transition metal oxides also exhibit promising electrochemical behavior, they suffer from poor cycling performance due to their agglomeration and mechanical instabilities which are mainly caused by large volume changes and aggregation during lithium insertion/extraction processes. This results in increased diffusion lengths and electrical disconnection from the current collectors. To solve these critical issues, the porous CNFs may be chosen as matrix to incorporate nano-sized transition metal oxides, since CNFs have very high internal surface areas, large pore volumes, and long fiber lengths, which facilitate more access of Li-ions to the inner sites of anodes, decrease Li-ion diffusion distance, therefore significantly increase electron transport rate. 41 For examples, Carbon/MnO x nanofiber anodes exhibit large reversible capacity, excellent capacity retention, and good rate capability in the absence of a binder polymer. 36 CNF/Fe 3 O 4 composites also exhibit excellent electrochemical performance with a high reversible capacity and excellent rate capability. 38 High-purity CNFs electrospun from PAN solutions exhibit a large accessible surface area derived from the nanometer-sized fiber diameter, high carbon purity (without binder), a relatively high electrical conductivity, high structural integrity, thin web macromorphology, large reversible capacity (∼450 mAh g −1 , and a relatively linear voltage profile. 37 Nanostructured LiCoO 2 fiber electrodes with faster diffusion of Li + cations prepared by electrospinning afford a higher initial discharge capacity of 182 (mAh)/g compared with that of conventional powder and film electrodes (∼140 (mAh)/g). 30 Electrospun LiCoO 2 nanofibers also have been used to resolve instability induced by lithium intercalation and de-intercalation and maintain the three-dimensional architecture of Li-ion batteries. However, a large loss of capacity of fiber electrodes was still observed during the charge-discharge process due to surface reactions of electrodes. To improve electrochemical stability, surface modification of the cathode material is necessary and effective. Coating of metal oxides on surface of LiCoO 2 particle or film as a shell material can prevent these active electrode materials from directly contacting the electrolyte and enhance the electrochemical stability. For example, coating of lithium phosphorous oxynitride onto the three-dimensional structure improved rate capability and higher reversibility. 42 The fabrication of inorganic-inorganic coaxial fibers using electrospinning technology is useful in this regard. By co-electrospinning a highly crystalline LiCoO 2 core and a low crystallinity MgO shell, coaxial fibers were prepared exhibiting excellent reversibility, smaller impedance growth and better (Fig. 5) . 44 Generally, electrodes made from conducting polymers are also composed of an insulating polymer or sulfonated polymer as binder. The insulating polymer lowers the electrical conductivity of the resulting electrodes; however, polymers used as both binder and dopant that are sulfonated can increase electrical and electrochemical properties. 45 46 Electrospun polypyrrole (PPy)/sulfonated poly(styrene-ethylene-butylenes-styrene) (S-SEBS) fibers can enhance electrochemical capacity due to the high doping level of S-SEBS and the ease of charge-transfer reactions due to its high electrical conductivity. 47 Manganese-oxide (MnO) nanofibers, prepared by electrospinning PMMA gels with manganese salts, shows reversible electrochemical activity in lithium cells. 48 Nanosized nickel oxide (NiO) has also shown promise as an anode material with excellent electrochemical performance for lithium ion batteries. 49 Interestingly single walled carbon nanotube-reinforced NiO nanofibers have higher reversible capacity and lower capacity loss than do conventional NiO electrodes. 50 Hollow LiNi 0 8 Co 0 1 Mn 0 1 O 2 -MgO coaxial fibers have been prepared with polyvinylpyrrolidone (PVP) and these fibers show a high discharge capacity and excellent cycle stability. 51 Co 3 O 4 nanofibers have also shown high reversible capacity due to the high surface area of these nanofibers. 52 
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Solar Cell and Fuel Cell Electrodes
High efficiency of light-to-energy conversion with dyesensitized solar cells (DSSCs) requires a high surface area for the sensitized electrode. 53 DSSCs, based on nano-crystalline TiO 2 , have been intensively investigated because of their low cost and reasonably high efficiency. Electrospun TiO 2 fiber mats, with large surface areas, enhance the light-harvesting capability of the adsorbed dye. TiO 2 nanofibers are prepared by electrospinning of a PVP/TiO 2 mixture. The TiO 2 nanofibers are then fabricated into thick membrane electrodes to enhance electron percolation through interconnected nanofibers and to improve the ability of absorption of low energy photons, thereby gradually increasing photocurrent and light harvesting efficiency as well as dye loading. 32 54 55 The TiO 2 electrodes used in DSSCs are electrospun directly onto different substrates, including a fluorine-doped tin oxide (FTO) transparent conducting oxide substrate. 55 In this manner, the porous electrospun TiO 2 electrode can be penetrated efficiently with the viscous polymer gel electrolyte due to its porous structure. After treatment with aqueous TiCl 4 solution, a short-circuit photocurrent was improved and performance was enhanced by more than 30%. 33 Platinum nanoparticles supported on nanoporous carbon fiber mats exhibit high activity and stability as electrocatalysts in the oxidation of methanol in methanol fuel cells. This reduced the amount of platinum used and the associated cost of this expensive catalyst. 56 
Wires and Nanowires
The construction of nanomaterials, particularly quasione-dimensional nanowires, mainly involves hydrothermal methods, sol-gel processes, nanowire techniques, vapor growth, template methods, and electrospinning. Wires and nanowires fabricated by electrospinning potentially represent important building blocks for nanoscale chemical sensors, optoelectronics, and photoluminescence since they can potentially function as miniaturized devices as well as electronic interconnects. The large surface-to-volume ratio and high electron-hole conductivity along the quasi-1D structure and high aspect ratio of nanowires makes them ideal candidates for use as ultrasensitive chemical sensors, solar cells, and fuel cell electrodes.
Chemical Sensors
The p-n type transition of nano-structured metal oxides are important in sensing mechanisms involved in chemical detection of charge-transfer interactions between a sensor and the absorbed chemical species that modify the electrical resistance of a sensor. 57 Size-related effects of nanomaterials are also important with respect to free charge carriers. Electrospun SnO 2 and MoO 3 nanowires show increased stability, faster response time, and higher sensitivity than thin film structures of the same materials in detecting H 2 S and NH 3 , respectively. 58 ZnO nanowires prepared in an electrospinning process have been used to detect ethanol vapor at concentrations as low as 10 ppm at 220 C. 59 WO 3 nanofibers behave as a semiconductor when heated and their electrical resistance varies when exposed to NO 2 gas. 60 TiO 2 /polyvinyl acetate composite nanofibers also show exceptional sensitivity to NO 2 when electrospun onto Pt electrodes. 61 Tin-doped indium oxide electrospun nanowires show a 10 7 -fold enhancement in conductance compared to the matrix without doping. With such high conductance, quasione-dimensional nanowire FETs should be useful in building highly sensitive chemical and biological sensors of reduced device dimensions. 62 
Optoelectronics
Twisted electrospun ZnO/NiO nanofiber yarn (Fig. 6 ) act as p-n heterojunctions, exhibiting rectifying current-voltage (I-V ) characteristics. 63 Highly aligned multi-layers of TiO 2 nanowire arrays with conjugated polymers show more than 70% improvement compared to non-woven TiO 2 nanowire in power conversion due to enhanced charge collection and transport rate. 64 Aluminum-doped ZnO (AZO) is a low cost and nontoxic transparent and conductive alternative to indium tin oxide (ITO). 65 Single electrospun nanowires of AZO show a highly sensitive photoresponse under below-gap light illumination compared to AZO films. Well-oriented quasi-one-dimensional CuO nanofibers are intrinsic p-type semiconductors, and when assembled in field-effect transistors (FET), serve as a potentional building blocks for low cost logic and switching circuits. 66 Necklace-like PbTiO 3 nanowires exhibit high surface photovoltage under the action of an external electrical field, which is useful for optoelectric applications such as field effect controlled devices. 67 68 
Photoluminescene
Hetero-structured electrospun Ag nanoparticle-loaded ZnO nanowires exhibit enhanced UV photoresponse, due to enhanced separation of photogenerated electron-hole pairs. 69 Quasi-one-dimensional CaWO 4 Erbium-doped silicon and Germanium oxide nanofibers are strongly emissive in the near infrared. 72 Aligned CdS nanowires embedded in polymer nanofibers show linearly polarized emissions. 73 
Catalysts
Surface modified TiO 2 anatase nanofibrous membranes with incorporated Pt, Pd, and Ru nanoparticles show catalytic properties that have been exploited in continuous flow for Suzuki coupling reactions with short reaction times and no need for separation. 74 Electrospun Pt and PtRh nanowires show higher catalytic activities in a polymer electrolyte membrane fuel cell anode than the conventional Pt nanoparticle catalysts like carbon-supported Pt or Pt black. 75 This improvement is due to the quasi-onedimensional pathway for electron transfer that dramatically reduces the number of boundaries between the catalytic nanoparticles.
Supercapacitors
Supercapacitors (Fig. 7) are well known as attractive energy storage systems that exhibit high power density, rapid charging/discharging capacity, and long cycle life. Potential applications range from small-scale mobile devices to medium-scale electric vehicles to large-scale power grid storage. While the high power density of supercapacitors compares favorably to batteries, supercapacitors have a much lower energy density ( Fig. 1(b) ). 76 Higher capacitance values and higher operating voltages are critical to improve the energy density of supercapacitors. The simplest way to obtain higher capacitance values of electrical double-layer capacitors is to increase the surface area of the supercapacitor electrodes, and electrospun nanofibers can provide just such a property. Activated CNFs fabricated by electrospinning serve as excellent candidates for supercapacitor electrodes. Activated CNFs have been fabricated from a variety of polymers, [77] [78] [79] which have high carbon yield including PAN, poly(imide) (PI), polybenzimidazol (PBI), 80 81 polyamic acid (PAA), and isotropic pitch precursor (IPP). These polymer solutions were electrospun into nanofibers and then stabilized and carbonized at high temperature to obtain activated CNFs. Activated CNFs have high surface areas due to the nanofiber morphology and porous structures on the fiber surface. 82 Blending polymers and other additives with base polymers has been studied to improve electrical conductivity of activated CNFs. Activated CNFs from PAN/cellulose acetate composite solution showed increased conductivity due to the high oxygen content of cellulose acetate. 83 Activated carbon fibers from PAN/multi-walled nanotubes (MWNT), 84 PAN/VO 5 , 85 activated CNF/MWNT coated with polypyrrole, 86 and PAN/Ag 87 nanoparticle composites show improved conductivity due to the addition of conductive materials and/or coating with conductive polymers. Thinner fiber diameters were also examined in PAN/MWNT and PAN/Ag nanoparticle systems to improve electrical conductivity and to enhance electrochemical performance. Fiber diameter depends on several electrospinning parameters such as solution concentration, applied voltage, flow rate, and solution conductivity. The diameter of an electrospun fiber decreases with increasing the solution conductivity. 88 By adding conductive MWNT or Ag nanoparticles into solution, a greater tensile force may be available in the presence of an electric field. Similar results were reported in systems of PAN/Zinc chloride and PAN/Nickel nitrate. 89 90 The higher surface area resulting from thinner diameters produces improved capacitance. Physical activation of nanofibers is also possible using silica. 91 Silica embedded into nanofibers is removed from carbon materials by immersing in hydrofluoric acid, with the resulting carbon fiber showing a 30-fold higher BET surface area, which results in improved capacitance.
CNFs prepared from PAN/Nickel acetate solution results in a Ni-embedded carbon composite with more than threefold higher capacitance and improved electrochemical stability. 92 Ni in CNFs works as an active species and imparts a surface polarity to the fiber surface, thus enhancing dipole affinity towards the anion and causing capacitance to increase.
The conductive polymer PEDOT was fabricated into a fiber by electrospinning from ethylenedioxythiophene (EDOT)/PVP solution. 93 PVP is commonly added into solutions as a matrix to improve electrospinnability. After electrospinning, EDOT in the fiber is polymerized to PEDOT by heating. The resulting PEDOT nanofiber, showing high conductivity and high surface area can be used as electrodes in flexible supercapacitors.
Composites that enhance EDL capacitors and pseudo-capacitors based on a Faradaic mechanism have been studied. Adding hydrous ruthenium oxide to carbon generates the composite, however, by using this approach it is difficult to obtain both the formation of mesoporous and well-dispersed metal particles. Ruthenium embedded CNFs have been formed through electrospinning of PAN/Ruthenium acetylacetonate solution. 94 These CNFs had both increased mesopore size and contained well-dispersed Ruthenium particles. The specific capacitance increased from 140 F/g to 391 F/g because of the combination of electrical double-layer capacitance and pseudo-capacitance based on ruthenium oxidation.
Actuators
Actuators can take electrical and other energy and convert it into a mechanical motion. However, large strain and quick response times still remain the most important challenges in actuator design. Large strain can be obtained by enhancing mechanical properties, and flexible electrospun fiber templates can be used to improve strain. This is because a large amount of electrolyte can be localized in the porous structure of electrospun fiber mats. Good ion mobility is also possible in such fiber mats, thereby increasing the response speed of the actuator, and by simply reducing the fiber diameter in electrospinning the response speed can be enhanced. Unique thermal response-type actuators can also be prepared by electrospinning. A liquid crystalline main-chain polymer with a photoactive moiety can also be electrospun into a highly oriented fiber.
Electrospun Fibers Coated with Conductive Polymers
Among the many materials suitable for actuators, conducting polymers have received considerable attention as promising candidates for actuator design, owing to their moderately high actuation strain at low operational voltages below 1 V. [95] [96] [97] Despite being good candidates for designing actuators, the brittleness and poor elongation at break 98 of conducting polymers limit their active applicability in devices. Recent reports show the potential of hydrogels being used as efficient candidates for actuator applications owing to their stimuli responsive behavior following a change in pH, temperature, or solvent composition. 99 100 A simple and versatile approach has been described for the fabrication of flexible conducting polymer actuators using hydrogel nanofibers as a template. An electrospun polyvinyl alcohol (PVA) nanofiber mat containing a flexible conducting polymer actuator, prepared by in situ polymerization of aniline has been reported. 101 The resulting structure has a large surface area and high porosity that promotes facile diffusion of ions to ensure efficient electrochemical reactions. A higher strain could also be obtained as a result of the enhanced mechanical properties of this nanofiber mat (Fig. 8) . 
Porous Electrospun Fiber Mats Enhance Ion Mobility
Aligned electrospun cellulose fibers have been obtained by electrospinning using a wet-drawn stretching method. 102 Electrospun cellulose film-based electroactive paper (EAPap) displayed a three-fold larger in-plane piezoelectric charge constant than a similar spin cast cellulose film. The well-aligned cellulose fibers and well-developed crystallinity of the electrospun cellulose film and the large number of micro-cavities between layers improve the performance of this actuator. Nanofiber mats have been prepared by electrospinning a sulfonated tetrafluoroethylenebased fluoropolymer-copolymer (Nafion TM . 103 When these mats are saturated with ionic liquids they show approximately three-fold improvement in ionic conductivity compared to conventional film-type membranes. Also these fabricated fiber mat-based transducers showed higher strain speed of 1.34% per second, which is 52% faster than the film-based actuators (Fig. 9) .
Electrospun nanometer sized fibers should exhibit much faster response times than commercially available micron size fibers. 104 When submicron diameter PAN fibers were prepared by electrospinning, changing the pH caused more than a 100% response improvement over conventional fibers of diameters 10-50 m. Thin polyacrylamide (PAAM) gel fibers also show enhanced response times.
Photo-Cross-Linkable Liquid Crystal Main-Chain Polymers
For mechanical actuators, a response to external stimuli is required. Main-chain liquid crystal elastomers (MCLCEs) show large response to changes in temperature especially in the vicinity of a phase transition. Liquid crystalline main-chain polymers with photoactive moieties have been electrospun into highly oriented fibers using in situ UV curing. 105 The resulting thin film mats show exceptional mechanical properties, such as large temperaturedependent changes in length and a nonlinear stress-strain relation (Fig. 10 ).
CHALLENGES AND OPEN QUESTIONS
There has been tremendous surge in the development of electrospinning technology and applications since the year 2000, but there are still several issues not yet resolved. First, more experimental studies and theoretical modeling are needed to achieve greater control over the size and morphology of electrospun fibers and a better understanding of the correlation between electronic properties and the spun fiber morphology. Additionally, the diversity and scope of materials that can be used with an electrospinning process must be greatly expanded. Some nonspinnable conducting polymers can be electrospun with other spinnable polymers in the form of core-shell structures or as coatings of a conducting polymer on the surface of another polymer fiber mat. The number of core-shell structures must be expanded for electrospinning technology to meet expanding application demands. Melt electrospinning and in-flight polymerization electrospinning are still rather nascent technologies, and will require significant development. Also the current scale of standard electrospinning equipment cannot meet the widespread manufacturing demand. Although using multi-spinneret techniques can achieve high mass throughput, the cost of this new equipment may prevent its increased use in manufacturing. As these techniques are perfected and new processes developed, electrospinning may become more critical in the fields of nanotechnology and bioengineering.
CONCLUSION AND PROSPECTS
Current advances in electrospinning technology are providing important evidence for new potential roles of electrospun materials in energy conversion and storage applications. The electrospun porous fiber mats used as a separator in Li-ion batteries will improve ion-conductivity, thereby enhancing battery efficiency. The use of electrospun porous fiber mats as electrodes in both Li-ion batteries and supercapacitors will undoubtedly improve the cycle life and increase rate capabilities and capacitance. Porous fibers also have good mechanical strength and will certainly improve the performance of polymer actuators. Electrospinning also offers a technique to prepared nanoscale electrical components for the construction of nanodevices and nanomachines. Electrospinning using RTILs as biopolymer solvents represent "green" electrospinning techniques, as biopolymers are renewable and recyclable and RTILs are non-volatile and also easily recycled. Such "green" technology makes electrospinning a sustainable and environmentally friendly processing method.
